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ABSTRACT 

This work completes a series of detailed experiments of boundary layers undergoing 

transition to turbulence with the major effort directed toward the most important issue facing the 

understanding of fundamental causes of transition, i.e., the receptivity to freestream disturbances. 

This problem is reviewed in detail by Saric et al. (1994). The present effort concentrates on 

leading-edge receptivity and receptivity of two-dimensional roughness. The effects of large- 

amplitude freestream noise is considered with the effort directed toward determining the limits of 

linear receptivity. Single-frequency and broad-band sound waves are used along with 2-D 

roughness elements to determine how the unstable waves are initiated. New data are presented on 

leading edge-receptivity that clarify some difficulties with previous experimental work. 

Comparisons with recent DNS are excellent. Data are also presented for nonlinear receptivity of 

2-D roughness elements. It is shown that there is little difference between the single-frequency 

excitation and white noise in that the response is still keenly triggered by the amplitude of the 

individual mode. Thus a single frequency at 120 dB is more dangerous than white noise at 120 

dB where the energy is distributed of many modes. 

NOMENCLATURE 

c      speed of sound [m/s] 

F     = CO/R = 27rfv/ul : dimensionless 

frequency 

/     dimensional frequency [Hz] 

H     = S*/0 : shape factor 

Ks    = uTSl ju       : receptivity coefficient 

referenced to Branch /. 

L     = -Jvx/U^ length scale [m] 

N     =]n(A/A,)=jx -a,dx 
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puc   = pcuac : acoustic pressure 

R     =(RXJ'
2
 =U„L/V : boundary -layer 

Reynolds number 

Rx    =UJxjv : x-Reynolds number 

Ux   freestream velocity [m/s], 

(normalizing velocity) 

v'     (u, v, w) : disturbance velocity field 

normalized by U„ : chordwise, wall- 

normal, and spanwise directions 

u'TS   rms amplitude of u  for T-S wave 

uac rms amplitude of u  for acousitc wave 

x distance from virtual leading edge [m] 

6* displacement thickness [m] 

6 momentum thickness [m] 

ÄjS Tollmien-Schlichting wavelength [m] 

v      kinematic viscosity [m2/s 

INTRODUCTION 

A typical turbulent flow produces skin-friction and heat-transfer levels that are an order of 

magnitude higher than that corresponding to laminar flow. In flight, control of skin friction is 

important for energy-efficient operation. In gas turbine engines, the prediction of the onset of 

turbulent flow is critical to being able to predict the heat transfer on turbine blades. Gas-turbine 

flows are characterized by high-amplitude freestream noise and turbulence in contrast to the 

flight environment which typically has very low turbulence levels. The gases entering an engine 

are compressed while staged blades and struts introduce large wakes into the flow. This high- 

pressure gas enters the combustion chamber where the fuel and chemical reactions introduce 

different types of unsteadiness in the flow. It is not clear how to define these disturbances except 
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to say that they can be decomposed to a vortical part (turbulence) and an irrotational part 

(acoustic noise). 

Through the work of Kendall (1990, 1991, 1998), it is believed that the vortical parts of the 

freestream disturbances are the contributors to the 3-D aspects of the breakdown process while 

the work of Kosorygin et al. (1995) showed that the irrotational parts of the freestream 

disturbances contributed to the initial amplitudes of the 2-D Tollmien-Schlichting (T-S) waves. 

Under some conditions, high-amplitude disturbances do not follow the usual instability route and 

lead directly to transition (Morkovin 1993; Reshotko 1994). Thus, sound and turbulence present 

a different set of problems in the understanding, prediction, and control of transition to 

turbulence and, as such, require unusual experimental and computational techniques. 

The process by which the disturbances are introduced into the boundary layer is called 

receptivity, a term first used by Morkovin (1969). Disturbances in the freestream, such as sound 

or vorticity, enter the boundary layer as small fluctuations of the basic state and excite unstable 

modes. The receptivity stage of the transition process is the least understood, but is extremely 

important because it provides the initial condition on the disturbance amplitude. 

The second stage is the initial growth of these boundary-layer disturbances which can be 

described by linear stability theory; that is, the linearized, unsteady, Navier-Stokes equations. If 

the initial amplitudes of the disturbances are small, they will tend to excite the linear normal 

modes of the boundary layer. These normal modes in the case of a Blasius boundary layer are of 

the Tollmien-Schlichting (T-S) type. Their growth is weak, occurs over a viscous length scale, 

and can be modified, for example, by pressure gradients, surface mass transfer, and temperature 

gradients. 
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Since receptivity deals with the generation rather than the evolution of instability waves in a 

boundary layer, neither departures from the linear-mode scenario, called bypass phenomena 

(Morkovin 1993; Reshotko 1994), nor details of the transition process itself (Morkovin 1991; 

Saric 1996) are discussed here. To generate instability waves, energy from the long-wavelength 

external disturbances must be transferred to the shorter wavelength T-S waves through some 

kind of local (Goldstein et al. 1983a, 1983b, 1989; Kerschen et al. 1990; Crouch 1992a) or 

global (Crouch 1992b) flow adjustment. Fortunately, a number of unique reviews of earlier 

receptivity research were given recently by Choudhari and Streett (1994), Crouch (1994), 

Reshotko (1994), Saric et al. (1994), and Wlezien (1994). The reader is referred to these reviews 

and their references. 

Since these reviews, papers have appeared by Breuer et al. (1996), Kobayashi et al. (1995, 

1996), and Kato et al. (1997). They deal with different aspects of 3-D wave motion and 

nonlinearities and are discussed later. 

Here we consider disturbances consisting of only plane acoustic waves. We ignore 

freestream turbulence and artificial disturbances within the boundary layer. Moreover, the main 

objective of this experiment is to isolate the influence of the leading edge on the initial 

amplitudes of T-S waves and to determine the limit of linear receptivity for 2-D roughness. The 

goal is to establish the framework for the active control of such fluid motions and to provide the 

initial conditions for computational and analytical modeling. 
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2.      EXPERIMENTAL PROCEDURES 

2.1   Basic State 

This experimental investigation is conducted in the ASU Unsteady Wind Tunnel whose 

details are given by Saric (1992). The tunnel is a low-turbulence, closed-return wind tunnel with 

a 1.4 m x 1.4 m x 5.0 m test section. Besides a well-designed contraction cone, honeycomb, and 

seven screens that follow the guidelines of Reshotko et al. (1997), several features that contribute 

to the receptivity experiments are pointed out here. Both the motor/fan housing and the test 

section are independently mounted on isolated concrete foundations and are connected to the rest 

of the tunnel by flexible couplings. In addition, a sound-insulated wall separates the test section 

from the motor side of the tunnel and the plenum is lined with sound-reducing foam. Previous 

experiments have established ideal flow conditions for transition experiments. 

The computer system at the Unsteady Wind Tunnel consists of a Sun SPARCstation 20 

Model 612MP that provides automatic speed control at either constant speed, constant reduced 

frequency, or constant Reynolds number. The hot wires are automatically temperature 

compensated on the computer using Radeztsky et al. (1993). All data acquisition is via 16-bit 

A/D boards operating at 100 kHz. 

A 3-D traverse is mounted exterior to the test section with a 45° forward-swept, carbon- 

composite sting (3 mm thick) passed through the test-side window. The entire traverse system is 

enclosed and at the test section in order to avoid mass flow through the sting-access slot. Hot- 

wire probes on the sting are used for boundary-layer and freestream measurements. The range 

and step sizes are: streamwise x: 1250 mm, Ac = 12 urn; spanwise z: 100 mm, Az = 2 urn; wall 

normal y: 100 mm, Ay = 1 urn. 
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The flat plate is Aluminum-Nickel alloy, 9.53 mm thick, 4000 mm long, and 1370 mm wide. 

It is ground flat, polished to 0.2 *m rms, and mounted vertically off-center (54:46) in the test- 

section approximately 782 mm from the contraction. Each end of the plate is machined with a 

unique leading edge. One is a 20:1 modified super ellipse (MSE) and the other is a 40:1 MSE. 

These shapes were used by Lin et al. (1992) and Fuciarelli and Reed (1994) and Fuciarelli et al. 

(1998) in a DNS of the receptivity problem. The geometry is described by: 

^1 + a~X'     Lm = 2 + 

\   a   J 

where a is the major axis, b is the minor axis, and the coordinate origin is at the stagnation line. 

This shape eliminates the curvature discontinuity at the ellipse/flat-plate juncture and moves the 

minimum pressure region toward the leading edge. The ellipse is machined directly on the flat 

plate to ensure a smooth transition at the juncture. Without roughness, receptivity is limited to 

the leading edge. 

A 500 mm flap with a sharp trailing edge is attached at the end of the plate and is used to 

control the location of the stagnation line. The flat plate has two rows of 25 static pressure ports 

on either side of the centerline. The pressure distribution along the plate is used in the initial 

stage to align the plate for Blasius flow. These measurements are supplemented by velocity- 

profile measurements that yield the shape factor, H = S*/0 which is a more accurate means for 

establishing Blasius flow (Saric 1996). The flat plate is mounted in the test section at a slight 

angle of attack to compensate for the blockage due to the boundary-layer growth. The plate 

undergoes a series of fine adjustments until H = 2.59 ± 0.7% everywhere on the plate past 

Branch / of the neutral stability point. Because of the pressure gradient at the leading edge, the 
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local Blasius boundary layer will be referenced to a streamwise distance that is different than the 

wetted length. Comparisons are done with the theoretical Blasius flow and the location of the 

virtual leading edge is determined through a calculation of the momentum thickness for Blasius 

flow. For these experiments, the virtual origin, x0 is 50 mm from the leading edge and is 

calculated from ic0 = x-x where x is the wetted length and x is the distance from the virtual 

origin defined by: 

0.441 v 

On the back side of the plate, "Velcro" strips are pasted near the pressure recovery region of 

the leading edge in order to fix the transition-to-turbulence location. To achieve symmetric flow, 

the stagnation line is moved to the leading edge by adjusting the flap while measuring the 

pressure differential of two static pressure ports placed on either side of the plate, 75 mm from 

the leading edge (i.e. in a region of measurable pressure gradient). The leading edge is then 

firmly secured in order to prevent acoustically-excited, leading-edge vibrations. Accelerometer 

measurements and remote laser-Doppler vibrometer measurements confirm this. 

2.2    Disturbance State 

The acoustic disturbances are introduced by a set of 9 McCauley Sound Inc. 250 mm 

diameter, 300 Watt speakers located on the plenum wall upstream of the honeycomb section. The 

sound pressure level in the test section can vary from 90 dB to 127 dB. At this upper level um 

approaches 1%U.. The incidence angle and amplitude of the sound wave are measured by 20 

microphones placed in the walls at the leading-edge location. The relative phase measurements 
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show an essentially plane sound wave at zero incidence. Hot-wire measurements at the same 

streamwise location calibrated the microphones. 

At a given speed, a dimensionless frequency, F, is chosen and the physical frequency / is 

calculated. Hot-wire position and flow-speed provide the Reynolds number. In this case, 

F = iTcfv/ul       and       R = Juj/v 

where v is the kinematic viscosity, £/„ is the freestream speed, x is the distance from the virtual 

origin, and the appropriate length scale is L = ^jvx/U^. Thus the boundary-layer Reynolds 

number, R, is the square root of the Reynolds number based on*. 

2.3   Separation of the T-S wave from the Stokes wave 

The typical boundary-layer hot-wire signal at the driving frequency is composed of the T-S 

wave, the Stokes wave within the acoustic boundary layer, and the probe vibrations. The hot- 

wire signals, measured directly with a narrow band-pass, produce something that does not 

resemble a T-S amplitude profile. Prior to Nishioka and Morkovin (1986), this was a typical 

measurement in the literature. For the experimental results given here, the different waves are 

separated using a new technique that is briefly described below. 

The complex-plane signal-separation technique used in previous experiments (Saric et al. 

1995) is a process that requires an extremely time-consuming data-sampling process since the 

method requires that hundreds of streamwise scans be taken so that one T-S wavelength is 

covered. Although the technique is successful, typically over 500 measurements are required to 

obtain a single T-S wave amplitude. This technique was rejected along with differential 
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microphones, multiple microphones, and adaptive filtering. Wlezien (1994) and Saric (1996) 

present critical reviews of these techniques. 

The new technique is now implemented to measure the amplitude of the T-S wave. The 

technique is simple and effective and lends itself to understanding the behavior of the T-S wave. 

From linear theory, the maximum of the T-S wave propagates at approximately one third the 

speed of the freestream speed (about 1% of the speed of downstream-traveling sound wave). 

Therefore, a T-S wave generated by an acoustic wave will have a slower propagation speed than 

the freestream acoustic disturbance. Using this fact, the traveling T-S wave can be isolated from 

the acoustic disturbance and associated Stokes wave by sending bursts of sound into the test 

section. The initial sound burst is first measured and fractions of a second later after the sound 

wave has passed, the slower-traveling T-S wave initiated by the sound burst is measured. 

Using this idea, bursts of sound are generated with a time interval between bursts long 

enough for the acoustically-forced T-S wave to pass the hot-wire before another sound burst is 

emitted. The hot-wire signals are narrow band-passed around the forcing frequency. Figure 1 

shows a time trace depicting the sound-burst wave sensed by both wires and the trailing T-S 

wave measured by the boundary-layer wire for # = 1140, F = 56xl0 ,/= 80 Hz, and x= 1.8 

m. Because the acquired data for one measurement can be quite large, a special acquisition 

process is implemented to simplify the signal processing and save storage space. The sound burst 

and the accompanying Stokes wave are not acquired on the boundary-layer wire and only the T-S 

wave is obtained and processed. An ensemble average of the bursts (typically 40) are taken to 

account for any low-frequency oscillations in the test section and to minimize error. This 

technique is useful for noise and large amplitude signals. Figure 2 shows a T-S wave profile 
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obtained with this method and its comparison with the solutions of the Orr-Sommerfeld Equation 

(OSE). The agreement between theory and experiment indicates we have a viable technique. 

3       LEADING-EDGE RECEPTIVITY 

The receptivity coefficient, Ks; is defined here as the ratio of the T-S amplitude and the 

acoustic amplitude as shown in Eq. (1). 

Ks=r?r (1) 
\u 
I    ac\LE 

where the T-S wave amplitude is referenced to Branch / and the acoustic wave is measured at the 

leading edge. This particular definition is convenient for the experiments because it is almost 

impossible to separate and measure the embryonic T-S wave near the leading edge. However, by 

using linear stability theory, the result can be scaled to the leading edge and compared with 

receptivity theory (Goldstein 1983a; Kerschen et al. 1990). 

All T-S amplitudes are measured near Branch II using the pulsed-signal technique (section 

2.3) for different F and R combinations. Because the T-S amplitudes at Branch / are of the order 

of 10"6IL the linear growth from Branch / to near Branch II is used to amplify the signal. The 

amplitude near Branch II is of the order of 10~4LL and is then scaled to Branch / using the Orr- 

Sommerfeld equation. The freestream acoustic disturbances are measured at the leading edge 

with a hot wire. The receptivity coefficient is calculated from 

*s=hpk^ (2) 
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where N is the integrated growth rate from Branch / to the Reynolds number of the measurement. 

3.1 Previous Results 

The data of Saric et al. (1995) showed a very narrow pass-band of receptive frequencies. 

This was behavior not predicted by analysis (Kerschen et al. 1990) or computation (Fuciarelli 

and Reed 1994) and was at odds with Orr-Sommerfeld Equation (OSE) results. Krutckoff (1996) 

continued the measurements of this flow field and concentrated on measuring the rms of the 

difference of the streamwise fluctuations on both sides of the plate. Frequency sweeps 

demonstrated that this measurement had peaks at the same receptivity frequencies. Obviously, 

the continuous, phase-correlated sound signal was forcing a resonance in the wake causing an 

asymmetric oscillation which fed back to the leading edge in the form of fluctuations transverse 

to the leading edge. This obviously biased these experiments. 

3.2 Present Results 

As part of the new experiments, continuous white noise input was placed in the freestream. 

Figure 3 is a spectrum of the freestream and boundary-layer response. Superposed are the OSE 

calculations. The agreement between the boundary-layer response and the OSE calculations 

show that when the phase information is destroyed, wake resonance cannot occur and the 

leading-edge receptivity pass-band is congruent with the OSE pass band for T-S waves. This 

confirms the problems Saric et al. (1995) had with wake forcing. 

Figure 4 is a summary of the results from the 20:1 leading edge at the 8 m/s condition using 

the pulsed sound technique. The pulsed technique essentially measures the T-S wave before the 

sound interacts with the trailing edge giving a band of amplified T-S waves that is broader than 
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Saric et al. (1995). Thus, all previous receptivity experiments need to be re-evaluated in the light 

of this new information. 

A comparison with receptivity theory (Goldstein et al. 1983a,b, 1989; Kerschen et al. 1990) 

and DNS (Fuciarelli et al. 1998) is done for the case of the 20:1 MSE and F = 84X10"6. These 

conditions represent the lowest Reynolds number that can be done with the experiment and 

highest Reynolds number that can be handled by the DNS. Based on the scaling of the 

asymptotic theory, we assume that the Orr-Sommerfeld region begins around x ~ XjS /2. The 

amplitude-ratio decay from this point to Branch / is 0.154 based on stability calculations of the 

basic state determined from DNS (Fuciarelli and Reed 1994). With Ks= 0.05, the receptivity 

coefficient, scaled to the leading edge, is 0.33 which compares with the theoretical calculations 

of 0.95 by Kerschen et al. (1990). Haddad and Corke (1998) did a DNS of a parabolic leading 

edge and obtained results more comparable with other DNS than the analysis. 

The DNS of Fuciarelli et al. (1998), using the same definition of Ks as Eq. 1, show Ks = 

0.048 as compared with the experimental value of 0.05 in Figure 4. The agreement is quite good 

and lends evidence that the pulsed technique is the only reliable method. 

4       2-D ROUGHNESS RECEPTIVITY 

The receptivity of 2-D roughness is done in order to extend the work of Saric et al. (1991) 

and Kosorygin et al. (1995) to the nonlinear sound range. 

Saric et al. (1991) presented receptivity data at a fixed sound pressure level (90 dB) and 

showed nonlinearity with roughness height. These experiments were successfully modeled by 

Choudhari and Streett (1992; 1994), Crouch (1992a,b; 1994), and Nayfeh and Ashour (1994). 

Nayfeh and Ashour (1994) were able to show the constructive interference between the T-S wave 
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generated at the leading edge and the T-S wave generated at the roughness - a fact confirmed by 

Kosorygin et al. (1995). 

Figure 5 presents T-S wave amplitude as a function of freestream sound amplitude. This is 

single sine-wave forcing over a 45 um, 2-D roughness located at x = 0.62 m. Measurements 

taken at U„= 12.75 m/s, x = 1.60 m,/= 75.8 Hz, F = 50xl0"6. Conditions of Saric et al. (1991). 

Since large-amplitude sound in the freestream may itself contain harmonics of the fundamental, 

the appearance of harmonics within the boundary layer is not prima facie evidence of nonlinear 

receptivity. Therefore, the departure of normalized T-S amplitude from a constant value is the 

indicator of nonlinearity provided the mean boundary-layer velocity has not changed. Thus, 

Figure 5 shows departure from linearity at 110 dB. Also shown is the local mean boundary-layer 

velocity normalized with the freestream. It remains constant so the boundary layer is still laminar 

and hence the departure of the normalized T-S amplitude from a constant value is just nonlinear 

receptivity. Figure 6 has the spectra from the last three points and it is clear that the spectra are 

laminar. 

Figure 7 is the taken under the same conditions as Figure 6 except the measurement point is 

x- 1.80 m. We still see departure from linearity at 110 dB but now we see the departure from 

laminar flow (transition) at 117 dB. Figure 8 is the corresponding spectrum of three points near 

the peak amplitude. Now we see a build-up of the subharmonic and a definite transitional 

spectrum. Breuer et al. (1996) also observed a subharmonic breakdown using sound and 2-D 

roughness. The data of Figs. 5-8 were taken with continuous sound and a fixed wire but they 

have been verified using the pulsed technique. Typically the T-S wave is so dominant with large 

2-D roughness, it is not necessary to use heroic efforts to subtract the Stokes wave. 
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There appears to be no basic difference between broad-band and single frequency waves 

except that an order of magnitude increase in power is required over the broad band to achieve 

similar transition results of a single-frequency wave. However, the following sequence of figures 

(Figures 9-12) shows the nonlinear and transitional influence of the broad-band input. 

Disturbance amplitude and mean velocity versus freestream sound pressure level are shown. 

White-noise forcing with 20 - 150 Hz bandpass over 45 um, 2-D roughness at x = 0.62 m. 

Measurements taken at f/«, = 12.75 m/s, x = 1.60 m. In these measurements, 2-D strips are 

doubled and then placed one T-S wavelength downstream. The basic roughness size is 45 urn. 

The use of the four types of roughness elements, (45, 0), (90, 0), (90, 45), and (90, 90) is still in 

the linear range since it has been shown (Crouch 1994, Kobayashi et al. 1995, 1996) that the 

addition of a roughness element one T-S wave downstream is linear superposition. Thus, the 

receptivity can be increased without approaching the nonlinear threshold of roughness height. 

One can see from Figures 9-12 that the nonlinear regime of disturbance amplitude occurs at 

lower sound amplitude and that transition (as measured by the mean velocity) moves forward. At 

sound pressure levels up to 125 dB, no bypass was observed. However, the data base for the 

theoretical models has been enhanced for both the nonlinear onset and transition location. 

CONCLUSIONS 

Leading Edge Receptivity 

The sharp focusing of a single acoustic wave (Saric et al. 1995) is due to complicated duct 

acoustics. The correct measurements are made with sound pulses that are conditionally sampled. 

The actual receptivity coefficients are different and more broad band - consistent with DNS and 
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OSE. Agreement between theory, DNS, and experiments is good when results are extended to 

Branch I. 

Broad Band versus Single Mode 

No essential difference between broad band and single mode. For a given sound pressure 

level, there is more energy in the single mode that and wave in the broad band. One needs a 30 

dB increase in broad band to approach effects of single mode. 

Nonlinearity 

Leading-edge receptivity is much weaker than 2-D roughness and hence no nonlinearity is 

observed. Receptivity of 2-D roughness departs from linear behavior at freestream levels of 

110 dB for single-mode excitation. Breakdown appears to be via a subharmonic type. No bypass 

observed for freestream sound levels up to 127 dB (which is the present limit of the facility). 
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Figure 1.      Time traces of freestream hot wire and boundary-layer hot wire for sound 
burst 

5 - 

4 - 

0.2 
u/u. 

0.4 0.6 0.8 
—1 1— ' 'V ' ' |      i      I      i 1      '      ' 1   1   1   1   1   1 

- " \" \ ■ _ \" _ \m - \m - 1   1 1 — }■ 
- /■ 

'- 
/m 

-<^B 

' i~~—~^^^ 

_ Wi~- 

_ ■ ~~—^-—-_w- 

: "■~ ■"~^*—^ ■ "—^- 

\ V^ 
"---i—T~ I       1       1       1 , 1       i       .       .       1 1      .      1 1h.nl. 

0.2 0.4 0.6 0.8 1 
Relative Magnitude of Fourier Coefficient 

Figure 2. Comparison of measured meanflow and disturbance flow with theory. 2-D 
roughness at 90 urn. 100 Averages with pulsed technique. R = 1051, 
F =60x10* 
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Figure 3.      Specrum of white noise in freestream, boundary layer response, and the OSE 
spectrum. Leading edge receptivity only. 
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Figure 4.      Receptivity coeficient, Ks, for U. = 8 m/s. 
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Figure 5. Disturbance amplitude and mean velocity versus freestream sound pressure 
level. Sine-wave forcing over 45 um, 2-D roughness at x = 0.62 m. 
Measurements taken at U. = 12.75 m/s, x = 1.60 m,/= 75.8 Hz, F = 50xl0"6. 
Conditions of Saric et al. (1991). 
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Figure 6.      Spectra of the last three points of Figure 5. 
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Figure 7.      Same as Figure 5 except measurements taken at x = 1.80 m. 
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Figure 8.      Spectra of three points near the maximum amplitude of Figure 7. 
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Figure 9. Disturbance amplitude and mean velocity versus freestream sound pressure 
level. White-noise forcing with 20 - 150 Hz bandpass over 45 um, 2-D 
roughness at x = 0.62 m. Measurements taken at U. = 12.75 m/s, x = 1.60 m. 
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Figure 10.    Same conditions as Figure 9 except 90 um roughness at x = 0.62 m. 
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Figure 11.    Same conditions as Figure 9 except 90 um roughness at x = 0.62 m and 45 
um roughness at x = 0.67 m. 
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Figure 12.    Same conditions as Figure 9 except 90 urn roughness at x = 0.62 m and 90 
urn roughness at x = 0.67 m. 


